INTRODUCTION

24
Pressure ulcers are a form of localized soft tissue injury to the skin and/or underlying 25 tissue, usually over a bony prominence, resulting from sustained mechanical loading, such as 26 pressure and shear deformations (NPUAP/EPUAP/PPPIA 2014). Some pressure ulcers develop 27 near the skin surface and may extend to deeper layers if unattended. However, there is a 28 category that starts in deeper soft tissue layers adjacent to bony prominences. The latter 29 category is referred to as deep tissue injury (DTI). Persons with reduced mobility and impaired 30 sensory perceptionincluding people with spinal cord injury (SCI)are especially at risk of 31 developing pressure ulcers such as DTI, because they are unable to detect damage development 32 and actively adjust their posture to redistribute the loading themselves (Gefen 2007) . Pressure 33 ulcers form an enormous financial burden for healthcare systems worldwide. For example, in 34 the United States, the annual cost of treating pressure ulcers that develop during a hospital stay 35 is estimated to exceed $11 billion (Young et al. 2012) . Pressure ulcers can be painful, 36
depressing (Gorecki et al. 2009 ) and are associated with fatal septic infections and tens of 37 thousands of deaths each year in the United States (Redelings et al. 2005) . 38
A large number of studies that focused on skeletal muscle cells and other soft tissues, 39 have confirmed that there are two damage mechanisms in the development of DTI: prolonged 40 mechanical deformation and reduced oxygenation due to the occlusion of blood vessels 41 (Oomens et al. 2014 ). The first damage mechanism involves direct deformation damage at a 42 threshold level, which has been estimated to be between 0.5 and 0.6 (Loerakker et al. 2011) for 43 the maximum shear strain. 44
In order to study the mechanisms behind pressure ulcer development, and to develop 45 and evaluate management and prevention techniques, detailed knowledge of in vivo soft tissue 46 loading is required. This includes the soft tissue stress and deformation distribution. These are however challenging to assess experimentally. Computational modelling techniques, such as 48 finite element analysis (FEA), on the other hand, do provide information on the internal 49 mechanical state throughout the entire tissue. Hence accurate FEA plays an important role in the understanding of the mechanisms of pressure ulcer formation (e.g. Linder-Ganz et al. 2007; 51 Loerakker et al. 2011; Levy et al. 2013 ). In addition, they are vital tools for FEA based design 52 and development of technologies and support systems that can reduce the incidence of pressure 53 ulcers (e.g. Lim et al. 2007; Levy et al. 2014) . 54 However, FEA requires detailed knowledge on the subject-specific biomechanical 55
properties, boundary conditions, and an accurate description of the geometry. In terms of FEA 56 geometries, 2D models are common (e.g. Levy et al. 2014) , and 3D models have also been 57 explored (e.g. Lim et al. 2007) . To date these studies have confined analysis to FEA of single 58 subjects, and direct FEA comparisons between multiple subjects or able-bodied volunteers and 59 patient populations are lacking. It is therefore unclear if findings concerning tissue loading from 60 single individuals can be generalised to other individuals, or if findings from able-bodied 61 subjects are descriptive for people with SCI. This study therefore investigates the importance of 62 3D and subject-specific geometry in FEA outcomes of loading to the human buttock. Magnetic 63 resonance images (MRI) of the buttocks region were obtained from three able-bodied (AB) 64 volunteers and three volunteers with SCI, allowing for detailed FEA model construction. The 65 models were each assigned the same soft tissue mechanical properties, and were subjected to 66 equivalent plate compression loading at levels of up to 240 N (35-45% of body weight). 67
Internal tissue deformations predicted by FEA were then compared for each subject. Using 68 these data, the following research questions were addressed: (1) To what extent will predicted 69 loading vary across subjects? (2) To what extent does the predicted loading vary between the 70 AB and SCI groups? 71
METHODS
72
MRI based derivation of subject-specific geometry 73
Subject-specific geometries were obtained from MRI data for three able-bodied volunteers and 74 three volunteers with SCI (Table 1) . All experimental procedures were approved by the initiation of data acquisition. MRI scans were acquired using a 1.5T scanner (Siemens Sonata, 77 Siemens Medical Systems, Erlangen, Germany) at the Peter S. Allen MR Research Centre at the 78 University of Alberta. Subjects were positioned in a supine position with their legs placed over 79 a leg support to avoid loading the buttock region from making contact with the MRI bed ( Figure  80 1). All imaging was performed using a RF body coil in combination with a spine array. The using the software Mimics (v14.0, Materialise, Leuven, Belgium). All bone tissue was jointly 91 segmented. In some images the skin contour on the left and right of the MRI data was not fully captured in the FOV for all slices (Figure 2A ). For these slices the contour was manually 93 completed (see added parts on left and right in Figure 2B . Segmentations ( Figure 2B All models were assigned two solid material regions, an adipose region and a muscle region. 115
The latter was termed muscle tissue here, but effectively jointly represented all soft tissues 116 between the muscle-adipose boundary and the bones. The solid regions were meshed using tri-117
linear tetrahedral elements ( Figure 2D ). The mesh near the plate was locally refined. After the 118 solid adipose and muscle tissue regions were meshed, a skin shell element layer was specified 119 coinciding with the triangular elements of the outer tissue surface. The thickness of the shell 120 elements was set to 1 mm, in agreement with thicknesses employed elsewhere (Moore et al. 
Constitutive modelling 128
Three deformable tissue types were distinguished: skin, adipose, and muscle tissue. The 129 material behaviour of each tissue type was modelled using the following uncoupled strain 130 energy density formulation (a first order Ogden form Simo & Taylor 1991):
where ̃ are the deviatoric principal stretches, and and are deviatoric material parameters. 132
The deviatoric response is linearly scaled by while the degree of non-linearity is controlled by 133 .The volumetric behaviour is dictated by the material bulk-modulus . Due to its high water 134 content soft tissue is often assumed to be nearly incompressible, such that = det( ) ≈ 1. In 135 the current study = 400 * for all simulations, leading to 0.99 < < 1.01. The remaining 136 constitutive parameters employed are shown in Table 2 . 137 Because the focus of the study was on the effects of subject-geometry independent of material 140 parameters, all subjects were assigned the same mechanical properties. For adipose tissue, the 141 parameters stemmed from the work by (Sims et al. 2010) . For skin and muscle tissue, the 142 parameters were manually adjusted to obtain qualitatively realistic contact pressures and body weight depending on the subject. Displacement control was used for plate motion, which was iteratively adjusted to reach the final target force to within 2N. A zero-friction sliding 152 interface ((Laursen & Maker 1995; Laursen & Simo 1993; Laursen 2002; Ateshian et al. 2010) ) 153 was assumed between the rigid plate (master) and skin (slave) surface. All bone surface nodes 154 were constrained from moving. 155
2.3.
Comparative analysis of effect of subject geometry 156
Variation of loading conditions within a group (able bodied and SCI) and across groups was 157 investigated to assess the effect of geometry on internal tissue loading. The comparison 158 focussed on analysis of: 1) indentation distance, 2) maximum shear strains, and 3) tissue volume 159 subjected to maximum shear strains higher than 0.5. The maximum shear strain is defined as: 160
where are the eigenvalues of the Green-Lagrange strain tensor. Shear strain levels of 0.5 were 161 identified as the threshold for tissue injury (Loerakker et al. 2011); therefore, the total tissue 162 volume subjected to > 0.5 was identified in this study as the damage risk volume (DRV). 163 For the current study six MRI derived subject specific 3D FEA models were constructed. Apart 166 from segmentation, the subject geometry creation, meshing, boundary condition specification 167 and FEA were all achieved using freely available, and open source modelling tools. The 168 framework, based on the GIBBON toolbox, allows for code based FEA. By coding the model 169 generation, repeatable and consistent meshing and boundary condition specification was 170 achieved across all subjects. Models typically consisted of 100,000 solid, and 7000 shell Table 3 lists the applied plate displacements and the resulting plate reaction forces for each 175 subject. In all cases, the target force was reached to within 2 N. The final plate displacements 176 occurred in the ranges 14.8-33.1 mm, and 24.7-35.2 mm for the SCI and AB groups, 177 respectively. A large degree of variation is observed within the SCI group with SCI subject 1 178 presenting with nearly double the place displacement of that of SCI subjects 2 and 3. The 179 variation of plate displacements appears less pronounced for the able bodied volunteers which 180 present on average with 9.5 mm more plate displacement than the average of the three SCI 181 subjects. 182 183 Maximum shear strains in excess of 0.5 are observed for all subjects at 240 N, but only for SCI 189 subject 1 and 2 at 50 N. At the 240 N load, high maximum shear strains spread distally of the 190 coccyx for SCI subject 1 and AB subject 1 and 3. However, high maximum shear strains remain 191 more localized at the coccyx for SCI subjects 2 and 3, and AB subject 2. To further investigate the extent of potentially damaging strains, Figure 5 and Figure 6 present 197 DRV data as a function of loading for each subject. In Figure 5 the total DRV is shown as a 198 function of force ( Figure 5A ) or force percentage relative to body weight ( Figure 5B ). These 199 data illustrate the large degree of variation between subjects. As with the plate displacements 200 and maximum shear strain patterns, SCI subject 1 presents with a different behaviour when 201 compared to SCI subject 2 and 3 which are relatively similar. The AB subjects presented with 202 less variation and present with higher DRV levels than SCI subjects 1 and 2 but lower levels 203 than SCI subject 1. 204 Figure 5 Loading force against DRV for each subject (A), and the force percentage (with respect to body 206 weight) against DRV percentage (with respect to total volume) for each subject (B).
Results
Compressive plate boundary conditions 174
208
In Figure 6 relative DRV percentages (with respect to total tissue model volume) are plotted 209 against force percentages (with respect to body weight) for each subject. In addition, Figure 6  210 presents results not only for the total tissue but also the adipose and muscle tissue 211 independently. The results show that although the overall response in terms of DRV is similar 212 for the AB subjects, the loading is distributed across the tissue types differently, i.e. for AB 213 subject 1 and AB subject 2 the DRV is predominantly found in muscle tissue, an effect not 214 observed as dominantly for the other subjects. For the volunteers with SCI, subjects SCI 2 and 215 SCI 3 showed a similar response. However, SCI 1 showed the highest DRV percentage of all 216 subjects for all loads. 
Discussion
222
In order to study the effects of geometry on FEA findings for loading in the human buttocks, 223 detailed 3D FEA models were constructed based on subject-specific MRI data. FEA of plate 224 induced loading, similar to lying on a rigid surface, was performed for three able bodied 225 volunteers and three volunteers with SCI. Each of the models was assigned the same mechanical 226
properties and was subjected to the same force (up to 240 N) loading by a rigid flat plate. 227
For the maximum load, plate displacements were found in the ranges 14.8-33.1 mm, 228 and 24.7-35.2 mm for the SCI and AB groups, respectively. The smallest displacement of 14.8 229 mm was for SCI 2 who presents with very little soft tissue covering the coccyx (Figure 4) ; 230 hence, this subject presented with highly localized and high maximum shear strains at the 231 coccyx and forces increased faster as a function of plate displacement due to the proximity of 232 the bone to the plate. The opposite occurred for AB 1, with the highest plate displacement of 233 35.2 mm, and presented with a thicker layer of tissue at the bony features ( Figure 4 ). As shown in Figure 5 , in terms of DRV the AB subjects presented with a very similar response. AB 3 235 however had relatively more adipose tissue and therefore this tissue was more involved when 236 compared to AB 1 and AB 2. SCI 1 showed the highest, and earliest onset, of DRV. However, 237 interestingly, the other two SCI subjects appeared least vulnerable of all in terms of DRV for the 238 loads evaluated. This illustrates the level of variability in predicted tissue loading due to the 239 varying subject geometries. The main take home message of this study is therefore that internal 240 tissue loading is highly dependent on the subject-specific geometry. Further it was found that 241 based on geometry alone SCI subjects do not necessarily present as more vulnerable than AB 242
subjects. 243
Few studies have compared tissue deformation characteristics of AB and SCI subjects. 244
In addition, experimental conditions and analysis methods vary significantly, thus hindering 245 detailed and direct comparison to the literature. Linder-Ganz et al. (2008) studied loading in the 246 buttocks of AB and paraplegic individuals for sitting (n = 6 AB, n = 6 SCI) and lying (n = 2 AB 247 and n = 6 SCI) by using 2D MRI before and after weight-bearing, combined with 2D subject-248 specific FEA. On average the group with paraplegia presented with higher stresses and strains 249 and were therefore considered more vulnerable. However, the range of derived maximum shear 250 strains, for both groups and both load cases, did overlap due to subject-to-subject variations, a 251 result consistent with the findings presented here. 252
Because the current study included only three volunteers in each of the AB and SCI 253 groups, a thorough statistical analysis was not possible. Nevertheless, the findings on variation 254 between subjects are valuable and can be used to formulate recommendations for FEA, i.e. that 255 subject-specific analysis is required. 256
The DRV data represents the volume of tissue subjected to maximum shear strains in 257 excess of 0.5 (motivated by Loerakker et al. [2011] ). As investigations into damage thresholds 258 are still ongoing, other thresholds and damage risk factors may be proposed in the future. 259
Further, thresholds are likely subject-specific. The relative DRV measures presented here were 260 chosen to enable comparison between subjects. Other means to draw comparisons between rather than the entire model. In addition, independent of threshold and damage risk 263 interpretation, it remains likely that subjects presenting with high strains are most vulnerable. 264
Further the findings of variability hold irrespective of chosen damage risk measure. 265
In the current study a single set of literature based constitutive parameters was used for 266 all subjects. In reality, these parameters are subject-specific and may depend on pathology. 267 However, since in the current study the effect of geometry alone was of interest, this 268 simplification was deemed justified. Future work featuring subject-specific constitutive 269
properties will aid in the more realistic evaluation of tissue loading and therefore the subject's 270 risk to injury given a particular loading regime. Further, tissue anisotropy should be considered. 271
In this study, the soft tissue is represented by skin, adipose, and muscle tissue regions. 272
The mechanical behaviour in each region was modelled as homogenous and continuous. In 273 reality these regions may not be homogeneous. The muscle tissue for instance has subject-274 specific, and spatially varying, levels of intramuscular fat. Intramuscular fat infiltration has been 275 reported for people with SCI (Wu & Bogie 2013) and has been shown to be a risk factor for 276 tissue loading (Sopher et al. 2011) . Therefore, subjects with increased intramuscular fat may be 277 at an increased risk. In the study by Sopher et al. (2011) , the effects of intramuscular fat were 278 studied through FEA of loading for the same geometry but with varying degrees of fat 279 infiltration. Conversely in our study, since the effect of 3D geometry was of interest, the muscle 280 tissue properties were the same across all subjects while geometries varied. Future work could 281 investigate the relative importance of either or both geometrical variations and tissue 282 composition variations. 283
Tissue loading due to external rigid plate induced compression was considered here. For 284 different load cases, the internal tissue loading and the degree of variability between subjects 285 may change. Loading to the buttock typically occurring during sitting or lying is most relevant 286 to pressure ulcer research, and the plate induced loading presented here more closely resembles 287 the latter. Exploring other load cases combined with a comparison to experimental loading will 288 be the topic of future work.
To create the detailed subject-specific 3D geometries, high resolution MRI data were 290 required in the current study. MRI is the gold standard for high resolution soft tissue imaging 291 and is feasible for basic research, such as that presented here. Ultrasound imaging may in the 292 future present a more practical approach than MRI. For example, Atkin et al. (2016) recently 293 demonstrated the feasibility of using ultrasound for assessment of geometrical features such as 294 tissue thickness and radius of the ischial tuberosities. 295
In order to record MRI data for the unloaded geometry, a special support cushion was 296 put in place to help avoid contact between the buttock region and the MRI bedding. However, 297 some subjects may have partially touched the bedding during imaging creating a mildly loaded 298 state and an initially flat buttock surface in the reconstructed geometries. 299 This is the first study to demonstrate that geometric differences alone can be responsible 300 for large differences in tissue loading outcomes in 3D FEA. The analysis was made possible 301 through subject-specific FEA of 6 study participants. Generating detailed image-based and 302 subject-specific FEA procedures can be a challenging procedure. In the current study all 6 303 subject specific models were created in a repeatable and consistent matter by coding the 304 modelling and FEA process. In future work this framework may be used to facilitate the 305 creation of a bank of 3D FEA models allowing for detailed comparison and analysis of tissue 306 loading as a function of subject-specific geometry and constitutive parameters. 307
Conclusion
308
The evaluation of pressure ulcer treatment approaches, and the development of assistive 309 technology, regularly relies on computational modelling of soft tissue loading. In turn, the 310 accuracy of these models relies on the fidelity of both the subject-specific constitutive behaviour 311 as well as the subject-specific geometry. However, 2D and non-subject-specific models remain 312 common. This study investigates the importance of subject-specific and 3D geometry for soft 313 tissue load analysis relevant to the study of pressure ulcers. Detailed MRI derived, 3D, and 314 subject-specific finite element models were created of the pelvis and buttock, for three AB 315 volunteers and three volunteers with SCI. Models were assigned with the same mechanical properties, and were subjected to equivalent compressive loading by a flat plate. A large degree 317 of variation was observed, both within, and across subject groups. Although at compressive 318 forces up to 240 N (35-45% of body weight) all subjects presented with maximum shear strains 319 in excess of 0.5, the strain patterns were found to vary considerably. In some subjects, high 320 maximum shear strains developed quickly and remained more localized to the coccyx while for 321 others, the higher strains developed later and deformations were more distributed. Further, 322 although one SCI subject appeared most vulnerable of all, the other two subjects with SCI 323 appeared least vulnerable of all (in terms of tissue volume ratio subjected to high maximum 324
shear strains). This highlights the degree of variability in tissue loading findings caused by the 325 differences in geometry. It is clear from this study that findings obtained from a single subject 326 cannot necessarily be generalised to an entire population. To ensure accurate predictions of 327 tissue loading in computational models, realistic 3D and subject specific geometries are 328 therefore required. 329 371 Gorecki, C. et al., 2009 . Impact of pressure ulcers on quality of life in older patients: a systematic review.
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